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Using resonant inelastic x-ray scattering (RIXS) at the Cu L-absorption edge, we have observed
intense, dispersive spin excitations in highly overdoped Tl2Ba2CuO6+δ (superconducting Tc = 6
K), a compound whose normal-state charge transport and thermodynamic properties have been
studied extensively and shown to exhibit canonical Fermi-liquid behavior. Complementary RIXS
experiments on slightly overdoped Tl2Ba2CuO6+δ (Tc = 89 K) and on Y1−xCaxBa2Cu3O6+δ com-
pounds spanning a wide range of doping levels indicate that these excitations exhibit energies and
energy-integrated spectral weights closely similar to those of antiferromagnetic magnons in undoped
cuprates. The surprising coexistence of Fermi-liquid-like charge excitations and high-energy spin
excitations reminiscent of antiferromagnetic insulators in highly overdoped compounds poses a chal-
lenge to current theoretical models of the cuprates.
PACS numbers: 74.72.Gh, 74.40.-n, 75.30.Ds, 78.70.Ck
High temperature superconductivity arises when the
CuO2 planes of layered copper-oxide compounds are
doped with mobile charge carriers. When the num-
ber of mobile carriers per Cu atom, p, vanishes, the
CuO2 planes are antiferromagnetically ordered and ex-
hibit conventional spin wave excitations with a total
bandwidth of ∼ 300 meV. For hole doping p & 0.05,
the antiferromagnetic long-range order disappears, and
the low-temperature ground state becomes supercon-
ducting. Inelastic neutron scattering (INS) experiments
have demonstrated that dispersive spin excitations akin
to antiferromagnetic spin waves persist in the supercon-
ducting state, although their low-energy spectral weight
is progressively reduced with increasing p. According to
current theories, these “paramagnon” excitations act as
a key driving force for Cooper pairing [1]. Up to now,
however, the INS studies have been largely limited to
underdoped (0.05 . p . 0.15) [2–4] and lightly over-
doped (0.15 . p . 0.2) cuprates, [5–7] where the spec-
tral features attributable to paramagnons remain rela-
tively sharp and intense. In the highly overdoped regime
(p > 0.2), where the superconducting transition tempera-
ture, Tc, and the superconducting energy gap are sharply
reduced and eventually vanish, [8–10] INS experiments
have thus far only been reported for a single cuprate fam-
ily, La2−xSrxCuO4 (La-214). [11, 12] They show pro-
gressive weakening of the spin excitations with energies
E . 100 meV, continuing the trend already identified
in the underdoped regime, but also indicate that excita-
tions at higher E are less affected by doping. Since La-
214 exhibits incommensurate magnetic order (“stripes”)
near optimal doping, and its Tc is limited to ∼ 40 K,
it is unclear whether these findings are generic for the
cuprate superconductors. Recent resonant inelastic x-
ray scattering (RIXS) experiments [13, 14] allowed the
detection of dispersive high-energy (E & 100 meV) spin
excitations in optimally doped cuprates with maximal
Tc ∼ 90 K, as well as in iron-based superconductors [15].
Although these high-energy paramagnons are strongly
broadened by scattering from mobile carriers and thus
difficult to detect by INS, their energies and integrated
spectral weights turned out to be surprisingly similar to
those of magnons in antiferromagnetically ordered com-
pounds with p = 0. We have now used the methodology
established in these experiments to explore the highly
overdoped regime of the cuprate phase diagram.
Most of our current knowledge about highly overdoped
cuprates derives from transport and thermodynamic ex-
periments, which have revealed characteristics match-
ing those of ordinary Fermi liquids. In particular, the
electrical resistivity essentially depends quadratically on
temperature [16, 17], the thermal conductivity satisfies
the Wiedemann-Franz law [18], and the uniform mag-
netic susceptibility is dominated by a temperature in-
dependent, Pauli-like term [19]. In highly overdoped
Tl2Ba2CuO6+δ (Tl-2201), a compound that features a
single, isolated CuO2 plane per formula unit and very low
intrinsic disorder, additional photoemission [20], angle-
dependent magnetoresistance [21], and quantum oscilla-
tion [22] experiments have uncovered well-defined Lan-
dau quasiparticles with a Fermi surface that agrees quan-
titatively with the predictions of density functional the-
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FIG. 1: (Color online) Left column: Doping dependence of
the RIXS response measured in the σ (red) and pi (black)
scattering geometries for Q// = 0.8ΓX = (0.4, 0) r.l.u. Right
column: Detailed view of the low energy part of the data.
In each panel, the intensity scale has been normalized to the
area of the dd excitation in the pi channel.
ory. Based on these findings, one commonly assumes that
the spin excitations in highly overdoped cuprates resem-
ble those of weakly correlated metals, which exhibit a fea-
tureless continuum of incoherent electronic spin-flip exci-
tations extending up to the Fermi energy, rather than the
dispersive paramagnon excitations found in the cuprates
at lower doping levels.
We report a RIXS study of the model system Tl-2201
that challenges this commonly held view of the highly
overdoped cuprates. Specifically, RIXS data on a Tl-2201
crystal with Tc = 6 K (corresponding to hole content
p = 0.27 according to Tallon’s empirical formula [23]),
which is squarely in the “Fermi liquid” regime of the
phase diagram, reveal intense spin excitations with a
dispersion relation closely similar to antiferromagnetic
spin waves. This implies that short-range spin correla-
tions are surprisingly robust even in cuprates with well-
documented, canonical Fermi-liquid behavior at low en-
ergies.
The RIXS measurements were performed at the
ADRESS beamline [24] of the Swiss Light Source (Paul
Scherrer Institute, Switzerland) using the high-resolution
SAXES spectrometer [25]. To obtain the resonant condi-
tions required for the observation of magnons, the energy
of the incident x-rays was tuned to the maximum of the
L3 absorption peak of the planar Cu atoms (∼ 931.5 eV).
Since the absorption edge of Cu atoms on chain sites in
the Y-123 structure is at a different energy, these atoms
do not contribute to the spectra reported there. The
total energy resolution was about 130 meV, and the po-
sition of the elastic (zero energy loss) line was determined
by measuring a non-resonant spectrum of polycrystalline
graphite for each value of the momentum transfer, Q.
The spectra presented here were recorded at T = 15 K for
total durations of 30-120 minutes. Scattering of photons
at the Cu L3 edge is restricted to a maximum Q = 0.855
A˚−1, which covers about 85% of the first Brillouin zone
(BZ) along the [100] direction. Momentum transfers are
given in reciprocal lattice units (r.l.u.), that is, in units
of the reciprocal lattice vectors a∗=2pi/a, b∗=2pi/b, and
c∗=2pi/c, where a, b, c are the dimensions of the tetrag-
onal (orthorhombic) units cells of Tl-2201 (Y-123). Be-
cause of the quasi-two-dimensional electronic structure,
we mostly refer to the projection of Q parallel to the
CuO2 layers, Q//.
Tl-2201 single crystals of typical size 0.5 × 0.5 × 0.03
mm3 were grown by an encapsulated copper-rich self-flux
technique and annealed under controlled oxygen partial
pressures to yield the desired doping levels. [26] The ex-
periments were performed on a lightly (p = 0.17, Tc = 89
K) and a heavily (p = 0.27, Tc = 6 K) overdoped crystal.
Y-123 crystals of typical size 2×2×0.1 mm3 were grown
by a top-seeded solution growth method [27]. We report
new RIXS data on an overdoped Y0.85Ca0.15Ba2Cu3O6+x
single crystal (p = 0.19, Tc = 75 K), and on an antiferro-
magnetically ordered YBa2Cu3O6.1 crystal (p ∼ 0). For
comparison, we also show data on a YBa2Cu3O6.6 sample
reported previously. [13]
Figure 1 shows representative RIXS spectra of Y-123
and Tl-2201 crystals spanning a wide range of doping lev-
els. The spectra were taken for Q// = (0.4, 0), close to
the X point, (0.5, 0), at the BZ boundary, with the po-
larization of the incident photon either in the scattering
plane (pi scattering geometry) or perpendicular to it (σ
geometry). In the energy range ∼ 1 − 3 eV, we observe
intense interband transitions (Fig. 1, left panel), which
are known as dd-transitions because the initial and final
states are of Cu d-orbital character. The shapes of the
dd excitation spectra and their polarization dependence
reflect the local environment of Cu, and are hence quite
different in the Tl-2201 and Y-123 families. [13, 28, 29] A
detailed assignment of these features can be made with
the help of quantum chemistry calculations [30], which
will be reported elsewhere.
Here we focus on the low-energy features in the spec-
tra (right panel of Fig. 1), which are independent of
the chemistry and lattice symmetry of the two differ-
ent compound families. The spectrum of YBa2Cu3O6.1
shows a resolution-limited single-magnon peak whose en-
ergy (E ∼ 260 meV) matches the one previously deter-
mined by INS and RIXS experiments on the 123 family.
[13, 31] Since these data were obtained close to the X
point, single spin-flip excitations are only visible in the pi
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FIG. 2: (Color online) Low energy part of the RIXS spectra of overdoped Y0.85Ca0.15Ba2Cu3O6+x (left panel), moderately
overdoped Tl2Ba2CuO6+δ (Tc = 89 K, middle panel) and strongly overdoped Tl2Ba2CuO6+δ (Tc = 6 K) in the pi scattering
geometry for various in-plane momentum transfers Q//. The fitting procedure is detailed in Ref. [13]. The slightly more intense
elastic line in the Tc = 89 K sample, compared to the other two samples, originates from the lower quality of its surface. The
data were normalized to the energy-integrated spectral weight of of the dd excitations, which is proportional to the density of
CuO2 layers.
geometry. [32] In the σ channel, a weaker feature due to
multiple-magnon excitations is present at higher energy.
When mobile holes are added to the system, a continuum
of electron-hole pair excitations appears in the σ chan-
nel. Its intensity continuously increases with increasing
doping. In the pi channel, on the other hand, the single-
magnon peak remains centered at the same position, al-
though it broadens considerably due to interactions with
the electron-hole excitations. The key observation is that
the peak associated with these excitations remains well-
defined and centered at the same energy even in a highly
overdoped Tl-2201 specimen with p = 0.27. In fact, the
pi-channel spectra of the overdoped Y-123 and Tl-2201
samples look remarkably similar to the one of the under-
doped YBa2Cu3O6.6 sample also shown in Fig. 1.
We next address the momentum dependence of the
paramagnon excitations. Figure 2 displays RIXS spec-
tra of the three overdoped samples in the pi channel for
various momentum transfers along the Γ −X direction.
The systematic shift of the peak center away from 260
meV (dashed line in Fig. 2) clearly demonstrates the dis-
persive nature of these modes. This trend is confirmed
by fits of the data to a set of Lorentzian profiles, follow-
ing Ref. 13. The results yield excellent descriptions of
the data (blue lines in Fig. 2).
Figure 3 shows the energies and linewidths of the para-
magnon features in the three overdoped compounds ex-
tracted from the Lorentzian fits. The dispersion relations
of the magnetic excitation in the overdoped samples re-
semble those of antiferromagnetic magnons in undoped
cuprates, and the shapes of the paramagnon peaks are
very similar to those in the samples at lower doping lev-
els [13, 28], although a slight softening and broadening is
apparent relative to the underdoped YBa2Cu3O6.6 sam-
ple (shown for comparison as an orange line in Fig. 3).
Interestingly, we do not observe sizeable differences be-
tween the data on the lightly and strongly overdoped
Tl2Ba2CuO6+δ.
In order to quantitatively compare the doping depen-
dence of the magnetic spectral weights in the Tl-2201
and Y-123 systems with one and two CuO2 layers per
formula unit, respectively, we have normalized the RIXS
intensity to the energy-integrated spectral weight of the
dd-excitations, which is proportional to the density of
CuO2 layers. Inspection of Figs. 2 and 3, where the in-
tensity scale has been calibrated in this way, shows that
the paramagnon spectral weight per Cu atom is closely
similar in both compounds. In Fig. 4 we plot the normal-
ized, energy-integrated paramagnon intensity close to the
BZ boundary, where most of the intensity in the pi chan-
nel is of magnetic origin, as a function of doping for both
Tl-2201 and Y-123. We have also included data for anti-
ferromagnetically ordered La2CuO4 taken from Ref. [28].
Clearly, our previous conclusion [13] that the high-energy
magnetic excitations in the cuprates are doping indepen-
dent continues to hold deep into the overdoped regime.
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FIG. 3: (Color online) Energy and half-width-at-half-
maximum (HWHM) of the magnetic excitations in the three
overdoped compounds as function of the in-plane momen-
tum transfer Q//. The dashed lines represent the disper-
sion of acoustic (black) and optic (red) magnons in the an-
tiferromagnetically ordered compound, whereas the dashed-
dotted line indicates the energy and HWHM of underdoped
YBa2Cu3O6.6 taken from Ref. [13]. In both panels, the dashed
area corresponds to the experimental energy resolution. The
data were normalized to the energy-integrated spectral weight
of the dd excitations.
In summary, our data demonstrate that high-energy
spin excitations with dispersion relations and energy-
integrated spectral weights closely similar to antiferro-
magnetic magnons persist up to doping levels sufficient
to almost entirely suppress superconductivity. They cor-
roborate and extend prior INS [12] and oxygen K-edge
RIXS [33] results on La1.78Sr0.22CuO4 (p = 0.22), which
revealed magnetic excitations up to E ∼ 160 meV and bi-
magnon modes up to E ∼ 450 meV, respectively. The be-
havior we have observed is reminiscent of the persistence
of high-energy magnons upon heating well into the para-
magnetic regime of magnetically ordered insulators such
as EuO, [34] which is well understood as a consequence
of short-range correlations between local moments. This
analogy suggests an interpretation of our cuprate data in
terms of short-range correlations between Cu moments.
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FIG. 4: (Color online) Energy-integrated intensity of the mag-
netic excitations, normalized to the dd excitation intensity, as
a function of doping.
The main result of our study is that these correlations
remain surprisingly strong even in highly overdoped Tl-
2201, a compound whose charge transport and thermody-
namic properties are well described by Fermi-liquid the-
ory. [20–22] The development of a unified framework
that consistently describes both the fermiology and the
spin dynamics of this prototypical overdoped cuprate is
an important challenge to theory.
We end our discussion with some remarks on the
implications of our data for spin-fluctuation mediated
Cooper pairing theories. Recent optical spectroscopy
experiments [35, 36] indicate that the conduction elec-
trons in the cuprates are coupled to bosonic excitations
with a spectrum extending up to energies comparable
to zone-boundary magnons in insulating cuprates, but
they suggested that coupling to high-energy excitations
is present even in highly overdoped, non-superconducting
cuprates where magnon-like excitations were not ex-
pected. [36] Our observation of high-energy paramagnons
in the highly overdoped regime now resolves this puz-
zle. The persistence of substantial electron-paramagnon
coupling in overdoped cuprates with greatly depressed
superconductivity is qualitatively consistent with phe-
nomenological models according to which the highest-
energy spin excitations are pair-breaking in the d-wave
channel. [1, 13, 37] In these models, the d-wave pairing
strength comes from lower-energy spin excitations cen-
tered around the antiferromagnetic ordering wave vector
Q// = (0.5, 0.5). Close to this wavevector, low-energy
(E ∼ 40 − 60 meV) spin excitations have indeed been
observed by INS in many optimally doped cuprates [2–
4] including Tl-2201. [38] INS data on La-214 [11, 12]
indicate that these low-energy excitations build up pro-
gressively as the optimal doping level is approached from
above, in concert with the Cooper pairing correlations.
Together with prior studies, our RIXS data are thus be-
5ginning to provide a firm experimental basis for a con-
trolled theoretical approach to the high-Tc problem from
the overdoped side, where difficulties due to competing
spin [39] and charge [40] order are much less severe than
in the underdoped regime on which much of the experi-
mental effort has focused in the past.
Note added. Intense magnetic excitation have recently
also been observed by M.P.M. Dean and collaborators in
highly doped La-214 [41].
Acknowledgement. We thank J. Chaloupka, A. Dama-
scelli, J.P. Hill, L. Hozoi, G. Khaliullin, F. Onufrieva,
P. Pfeuty, G. A. Sawatzky, O. Sushkov, and J. van den
Brink for valuable discussions, and K. Zhou and C. Mon-
ney for technical support. This work was partly sup-
ported by the European project SOPRANO (Grant No.
PITN-GA-2008-214040).
[1] D. J. Scalapino, Rev. Mod. Phys. 84, 1383 (2012).
[2] Y. Sidis, S. Pailhe`s, B. Keimer, P. Bourges, C. Ulrich, and
L. P. Regnault, Phys. stat. sol. (b) 241, 1204 (2004).
[3] R. J. Birgeneau, C. Stock, J. M. Tranquada, and K. Ya-
mada, J. Phys. Soc. Jpn. 75, 111003 (2006).
[4] M. Fujita, H. Hiraka, M. Matsuda, M. Matsuura, J. M.
Tranquada, S. Wakimoto, G. Y. Xu, and K. Yamada, J.
Phys. Soc. Jpn. 81, 011007 (2012).
[5] H. He, Y. Sidis, P. Bourges, G. D. Gu, A. Ivanov, N.
Koshizuka, B. Liang, C. T. Lin, L. P. Regnault, E.
Schoenherr, and B. Keimer, Phys. Rev. Lett. 86, 1610
(2001).
[6] S. Pailhe`s, Y. Sidis, P. Bourges, C. Ulrich, V. Hinkov, L.
P. Regnault, A. Ivanov, B. Liang, C. T. Lin, C. Bernhard,
and B. Keimer, Phys. Rev. Lett. 91, 237002 (2003).
[7] L. Capogna, B. Fauque´, Y. Sidis, C. Ulrich, P. Bourges,
S. Pailhe`s, A. Ivanov, J. L. Tallon, B. Liang, C. T. Lin,
A. I. Rykov, and B. Keimer, Phys. Rev. B 75, 060502(R)
(2007).
[8] M. R. Norman, H. Ding, M. Randeria, J. C. Campuzano,
T. Yokoya, T. Takeuchi, T. Takahashi, T. Mochiku, K.
Kadowaki, P. Guptasarma, and D. G. Hinks, Nature 392,
157 (1998).
[9] N. Miyakawa, P. Guptasarma, J. F. Zasadzinski, D. G.
Hinks, and K. E. Gray, Phys. Rev. Lett. 80, 157 (1998).
[10] M. Le Tacon, A. Sacuto, A. Georges, G. Kotliar, Y. Gal-
lais, D. Colson, and A. Forget, Nat. Phys. 2, 537 (2006).
[11] S. Wakimoto, K. Yamada, J. M. Tranquada, C. D. Frost,
R. J. Birgeneau, and H. Zhang, Phys. Rev. Lett. 98,
247003 (2007).
[12] O. J. Lipscombe, S. M. Hayden, B. Vignolle, D. F. Mc-
Morrow, and T. G. Perring, Phys. Rev. Lett. 99, 067002
(2007).
[13] M. Le Tacon, G. Ghiringhelli, J. Chaloupka, M. M. Sala,
V. Hinkov, M. W. Haverkort, M. Minola, M. Bakr, K. J.
Zhou, S. Blanco-Canosa, C. Monney, Y. T. Song, G. L.
Sun, C. T. Lin, G. M. De Luca, M. Salluzzo, G. Khal-
iullin, T. Schmitt, L. Braicovich, and B. Keimer, Nat.
Phys. 7, 725 (2011).
[14] M. P. M. Dean, A. J. A. James, R. S. Springell, X. Liu,
C. Monney, K. J. Zhou, R. M. Konik, J. S. Wen, Z. J.
Xu, G. D. Gu, V. N. Strocov, T. Schmitt, and J. P. Hill,
Phys. Rev. Lett. in press (arXiv:1212.3714).
[15] K.-J. Zhou, Y.-B. Huang, C. Monney, X. Dai, V. N.
Strocov, N.-L. Wang, Z.-G. Chen, C. Zhang, P. Dai, L.
Patthey, J. van den Brink, H. Ding, and T. Schmitt, Nat.
Commun. 4, 1470 (2013).
[16] Y. Kubo, Y. Shimakawa, T. Manako, and H. Igarashi,
Phys. Rev. B 43, 7875 (1991).
[17] A. P. Mackenzie, S. R. Julian, D. C. Sinclair and C. T.
Lin, Phys. Rev. B 53, 5848 (1996).
[18] C. Proust, K. Behnia, R. Bel, D. Maude, and S. I. Vede-
neev, Phys. Rev. B 72, 214511 (2005).
[19] J. Bobroff, Ann. Phys. (Paris) 30, 1 (2005).
[20] M. Plate´, J. D. F. Mottershead, I. S. Elfimov, D. C. Peets,
R. Liang, D. A. Bonn, W. N. Hardy, S. Chiuzbaian, M.
Falub, M. Shi, L. Patthey, and A. Damascelli, Phys. Rev.
Lett. 95, 077001 (2005).
[21] N. E. Hussey, M. Abdel-Jawad, A. Carrington, A. P.
Mackenzie, and L. Balicas, Nature 425, 814 (2003).
[22] B. Vignolle, A. Carrington, R. A. Cooper, M. M. J.
French, A. P. Mackenzie, C. Jaudet, D. Vignolles, C.
Proust, and N. E. Hussey, Nature 455, 952 (2008).
[23] J. L. Tallon, C. Bernhard, H. Shaked, R. L. Hitterman,
and J. D. Jorgensen, Phys. Rev. B 51, 12911 (1995).
[24] V. N. Strocov, T. Schmitt, U. Flechsig, T. Schmidt, A.
Imhof, Q. Chen, J. Raabe, R. Betemps, D. Zimoch, J.
Krempasky, X. Wang, M. Grioni, A. Piazzalunga, and L.
Patthey, J. Synchrot. Radiat. 17, 631 (2010).
[25] G. Ghiringhelli, A. Piazzalunga, C. Dallera, G. Trezzi,
L. Braicovich, T. Schmitt, V. N. Strocov, R. Betemps,
L. Patthey, X. Wang, and M. Grioni, Rev. Sci. Instr. 77,
(2006).
[26] D. C. Peets, R. Liang, M. Raudsepp, W. N. Hardy, and
D. A. Bonn, J. Cryst. Growth 312, 344 (2010).
[27] C.T. Lin, B. Liang, and H. C. Chen, J. Cryst. Growth
237239, 778 (2002).
[28] L. Braicovich, J. van den Brink, V. Bisogni, M. M. Sala,
L. J. P. Ament, N. B. Brookes, G. M. De Luca, M. Sal-
luzzo, T. Schmitt, V. N. Strocov, and G. Ghiringhelli,
Phys. Rev. Lett. 104, 077002 (2010).
[29] M. Moretti Sala, V. Bisogni, C. Aruta, G. Balestrino,
H. Berger, N. B. Brookes, G. M. de Luca, D. Di Castro,
M. Grioni, M. Guarise, P. G. Medaglia, F. Miletto Gra-
nozio, M. Minola, P. Perna, M. Radovic, M. Salluzzo, T.
Schmitt, K. J. Zhou, L. Braicovich, and G. Ghiringhelli,
New J. Phys. 13, 043026 (2011).
[30] L. Hozoi, L. Siurakshina, P. Fulde, and J. van den Brink,
Sci. Rep. 1, 65 (2011).
[31] S. M. Hayden, G. Aeppli, T. G. Perring, H. A. Mook,
and F. Dogan, Phys. Rev. B 54, R6905 (1996).
[32] L. J. P. Ament, G. Ghiringhelli, M. M. Sala, L.
Braicovich, and J. van den Brink, Phys. Rev. Lett. 103,
117003 (2009).
[33] V. Bisogni, M. Moretti Sala, A. Bendounan, N. B.
Brookes, G. Ghiringhelli, and L. Braicovich, Phys. Rev.
B 85, 214528 (2012).
[34] See, e.g., P. Bo¨ni and G. Shirane, Phys. Rev. B 33, 3012
(1986), and references therein.
[35] S. Dal Conte, C. Giannetti, G. Coslovich, F. Cilento, D.
Bossini, T. Abebaw, F. Banfi, G. Ferrini, H. Eisaki, M.
Greven, A. Damascelli, D. van der Marel, and F. Parmi-
giani, Science 335, 1600 (2012).
[36] E. van Heumen, E. Muhlethaler, A. B. Kuzmenko, H.
Eisaki, W. Meevasana, M. Greven, and D. van der Marel,
6Phys. Rev. B 79, 184512 (2009).
[37] F. Onufrieva and P. Pfeuty, Phys. Rev. Lett. 109, 257001
(2012).
[38] H. He, P. Bourges, Y. Sidis, C. Ulrich, L. P. Regnault,
S. Pailhe`s, N. S. Berzigiarova, N. N. Kolesnikov, and B.
Keimer, Science 295, 1045 (2002).
[39] D. Haug, V. Hinkov, Y. Sidis, P. Bourges, N. B. Chris-
tensen, A. Ivanov, T. Keller, C. T. Lin, B. Keimer, New
J. Phys. 12, 105006 (2010).
[40] G. Ghiringhelli, M. Le Tacon, M. Minola, S. Blanco-
Canosa, C. Mazzoli, N. B. Brookes, G. M. De Luca, A.
Frano, D. G. Hawthorn, F. He, T. Loew, M. M. Sala,
D. C. Peets, M. Salluzzo, E. Schierle, R. Sutarto, G. A.
Sawatzky, E. Weschke, B. Keimer, and L. Braicovich,
Science 337, 821 (2012).
[41] M. P. M. Dean et al., private communication.
